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The possibility of explanation of accelerated expansion of the Universe by tachyonic scalar fields
which homogeneously fill the world is discussed. The dependences of potential and kinetic term on
scale factor are deduced for the case of quintessential and phantom dark energy with generalized linear
barotropic equation of state. The possibility to distinguish the tachyonic scalar field as dark energy
from other scalar field models, especially from classical scalar field, is analyzed.
PACS numbers: 95.36.+x, 98.80.-k
Introduction
The concept of tachyons [1] as consistent physical theory of particles that move with superlu-
minal velocities has already more than 50 years, however up to now we have no experimental
proof of their existence or irrefutable arguments against them. Nevertheless, the hypothesis
proved to be extremely fruitful for physics in general, not only for development of the theory
of relativity. Tachyonic modes of oscillations of branes and strings have been discussed already
for a long time in boson and superstring theories of fundamental interactions (see, for example,
[2, 3]). Tachyonic fields are also considered as possible candidates for physical essence that
caused exponential expansion and physical processes in very early Universe [4] and accelerated
expansion of Universe in our epoch [5, 6, 7, 8, 9, 10, 11, 12, 13, 14]. From all physical theories,
which use the term ”tachyon”, coined by G. Feinberg in 1967 [15], only the latter have been
proved experimentally by two science teams in 1998 [16, 17, 18], for what their supervisors
were awarded the Nobel Prize in physics in 2011. This stimulates the scientists to use the data
of observational cosmology for search the hints of possible existence of something tachyonic in
our world, for example, a cosmological scalar field. It appears that such field has a number of
interesting physical features and cosmological consequences, study of which expands our phys-
ical outlook and enriches world’s treasury of scientific work, such as our guesses about possible
forms of matter in our Universe or in other hypothetical worlds.
In this paper, based on the author’s lecture on the same subject given on physical seminar
of Shevchenko Scientific Society devoted to the 50th anniversary of concept of tachyons, the
main features of cosmological tachyon scalar field are reviewed, as well as the possibility of
determination of their parameters based on modern and expected observational cosmological
data is discussed.
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1 Tachyonic scalar field as dark energy accelerating ex-
pansion of the Universe
We assume that the Universe is homogeneous and isotropic, the metric of 4-space is Friedmann-
Robertson-Walker (FRW) one,
ds2 = gijdx
idxj = a2(η)
(
dη2 − dr2 − χ2(r)(dϑ2 + sin2 ϑdϕ2)] , (1)
where η is conformal time defined as dt = a(η)dη (hereafter we put c = 1, hence time variable
t ≡ x0 has dimension of length), and the factor a(η) is radius of 3-sphere in the case of 3-space
of positive curvature, radius of 3-pseudosphere in the case of 3-space of negative curvature or
scale factor in the case of 3-space of zero curvature (flat or Euclidean 3-space). In the latter
case it is convenient to norm it to 1 in current epoch, a(η0) = 1. Hereafter the Latin indexes
i, j, ... run the values 0, 1, 2, 3 and Greek ones ν, µ, ... – 1, 2, 3. The function χ(r) depends
on curvature of 3-space K,
χ(r) =


1√
K
sin
√
Kr, K > 0.
r, K = 0.
1√
|K| sinh
√|K|r, K < 0.
(2)
We assume also that the Universe is filled with non-relativistic (cold dark matter and baryons)
and relativistic particles (thermal electromagnetic radiation and massless neutrinos) and also
with dark energy, which interacts with other components only gravitationally (minimal cou-
pling), so the dynamics is completely described by Einstein equation
Rij − 1
2
gijR = 8piG
(
T
(m)
ij + T
(r)
ij + T
(de)
ij
)
, (3)
where Rij is Ricci tensor and T
(m)
ij , T
(r)
ij , T
(de)
ij are energy-momentum tensors of non-relativistic
m, relativistic r matter and dark energy de respectively.
In the case of only gravitational coupling between components each of them should satisfy
the differential energy-momentum conservation law separately:
T
i (n)
j ;i = 0. (4)
Hereafter “;” denotes covariant derivative with respect to the coordinate with given index in
space with metric (1) and (n) means m, r or de. For perfect fluid with density ρ(n) and pressure
p(n), connected by equation of state p(n) = w(n)ρ(n), equation (4) leads to:
ρ˙(n) = −3 a˙
a
ρ(n)(1 + w(n)), (5)
hereafter dot is the derivative with respect to the conformal time: “ ˙ ”≡ d/dη. For non-
relativistic matter wm = 0 and ρm = ρ
(0)
m a−3, for relativistic one wr = 1/3 and ρr = ρ
(0)
r a−4.
Hereafter “0” denotes the current value of physical quantity.
We model the dark energy by a scalar field which violates the strong energy condition,
homogeneously fills the Universe and interacts with other components only gravitationally.
Important problem of modern cosmology is reduction of the number of possible models of such
fields by comparison of theoretical predictions with corresponding observational data. Myriads
of models of cosmological scalar fields can be classified by the region of values of EoS parameter
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as quintessence (−1 < wde < −1/3) and phantom (wde < −1), by the time dependence of EoS
parameter as freezing (w˙de < 0) and thawing (w˙de > 0), by Lagrangian type as classical,
tachyon, quintom, K-essence and so on. Among them, tachyon scalar fields belong to the most
perspective ones, since they are connected with superstring and early Universe theories.
Scalar field φ(xi) with Dirac-Born-Infeld Lagrangian
L = −U(φ)√1− 2X, (6)
where X ≡ φ;iφ;i/2 is kinetic term and U is potential, is called tachyonic. In homogeneous
isotropic Universe with FRW metric the field is homogeneous φ(x0) and its effective energy
density and pressure are defined by values of X and U :
ρde ≡ 2XL,X −L = U(φ)√
1− 2X , pde ≡ L = −U(φ)
√
1− 2X. (7)
The ratio of these two values wde ≡ pde/ρde, often called the EoS parameter similarly to the
matter components, is defined by the value of kinetic term X only:
wde = 2X − 1. (8)
These quantities can be evaluated by solving the equation of motion (or Euler-Lagrange equa-
tion) for the field
(
φ¨+ 2aHφ˙
)
L,X − a2∂U
∂φ
L,U + φ¨φ˙
2 − aHφ˙3
a2
L,XX + ∂U
∂φ
φ˙2L,XU = 0. (9)
which in our case (6) takes the form [19]:
φ¨− aHφ˙
1−
(
φ˙/a
)2 + 3aHφ˙+ a2 1U
dU
dφ
= 0, (10)
where H ≡ a˙/a2 is Hubble parameter (on the hypersurfaces of constant time). For the solution
the explicit functional dependences of potential U on field variable φ and of Hubble parameter
on time must be known. The latter can be found from Friedmann equation as one of Einstein
equations (3) in the world with metric (1)
H = H0
√
Ωr
a40
a4
+ Ωm
a30
a3
+ ΩK
a20
a2
+ Ωdef(a), (11)
where the dimensionless constants
Ωm ≡
(
ρm
ρcr
)
η0
, Ωr ≡
(
ρr
ρcr
)
η0
, Ωde ≡
(
ρde
ρcr
)
η0
, ΩK ≡
( −K
(a˙/a)2
)
η0
. (12)
are the densities of the components of the Universe in current epoch in units of critical density
and curvature in the units of Friedmann radius of the world. Among these dimensionless
constants the density of relativistic component is established most precisely:
Ωr = 4.17 · 10−5
(
1 + ρν/ργ
1.6813
)(
T0
2.726
)4
≈ 4.17 · 10−5h−2. (13)
Function f(a) describes the dynamics of changing of energy density of scalar field, so that
f(a0) = 1. We can find it with (7) and φ(a) as the solution of (10). Therefore, in such
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approach the evolution of the field with given functional dependence of U(φ) and the dynamics
of expansion of the Universe with given parameters H0, Ωm, ΩK and Ωde can be described
by the consistent solution of equations (10)-(11) and (7). Another, much more productive
approach consists in solving of the simple differential linear homogeneous 1st order equation
(5) by specifying function wde(η) instead of solving quasilinear differential 2nd order equation
(10) and with help of equations (7) reconstructing φ(η), U(η) and U(φ). It is convenient,
however, to use dependence of the variables on a and derivative in respect to it instead of
dependence on conformal time η and its derivatives ((.) ≡ d/dη = a2Hd/da). Equation (5) in
this case becomes
d ln ρde
d ln a
= −3(1 + wde), (14)
which immediately gives function f(a) in (11) when wde(a) is given,
f(a) = (a0/a)
3(1+w˜de), w˜de =
1
ln (a/a0)
∫ a
a0
wded ln a, (15)
Field variable φ(a), potential U(a) and kinetic term X(a) are expressed via them as follows:
φ(a)− φ0 = ±
∫ a
1
da′
√
1 + wde(a′)
a′H(a′)
,
U(a) = ρde(a)
√
−wde(a),
X(a) =
1 + wde(a)
2
.
(16)
We can see that field variable φ(a) is real if wde(a) > −1. Kinetic term is always positive
in this case. With positively-defined energy density of tachyon field the potential is positive
if wde(a) < 0. With this condition the energy density ρde(a) and pressure pde(a) are always
real. On the other hand, (αα)-Einstein equations in world with metric (1) imply the Friedmann
equations with second order derivative of the radius of the world with respect to time,
q =
H20
H2
[
Ωr
a40
a4
+
1
2
Ωm
a30
a3
+
1
2
(1 + 3wde)Ωdef(a)
]
, (17)
where q ≡ − (aa¨/a˙2 − 1) is usually called the deceleration parameter. The accelerated expan-
sion of the Universe in the current epoch1 (q0 < 0), detected from luminosity distance - redshift
relation data for SNe Ia, can be obtained when EoS parameter satisfies the condition:
wde < −1
3
− Ωm
Ωde
. (18)
Thus, real scalar field φ with tachyon potential (6) will have real positive values of potential,
kinetic term and energy density and will cause the accelerated expansion of the Universe, if its
EoS parameter wde is in the range
− 1 < wde < −1
3
− Ωm
Ωde
. (19)
For the field values this condition has the following form:
a) 0 < X(0) <
1
3
− Ωm
2Ωde
, b) U (0)
1 + 3X(0)√
1− 2X(0) > ρ
(0)
m /2. (20)
1Here and after we omit component with Ωr, because in epoch a ∼ 1 ρr ≪ ρm.
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Figure 1: Potentials U(φ−φ0) (left) and dependence of potentials and kinetic terms on a (right)
for tachyon scalar fields with decreasing, constant and increasing EoS parameter (from top to
bottom). Potentials and kinetic terms are represented in units of critical density in the current
epoch, 3c2H20/8piG, field variable φ is in units
√
3c2/8piG. Current epoch (a/a0 = 1) in right
panels corresponds to the value φ− φ0 = 0 and field evolves from left to right.
Important characteristic of field is also the effective speed of propagation of perturbations
(effective sound speed), square of which is determined by the Lagrangian as follows
c2s ≡
δp
δρ
=
L,X
L,X + 2XL,XX . (21)
In the case of tachyon field with Lagrangian (6) c2s = −wde and taking into account (19) the
value of square of the effective sound speed is in the range 1/3 < c2s < 1, which ensures the
gravitational stability of this component of the Universe. Thus, tachyonic scalar field can be
quintessential dark energy, as the conditions (19) and (20) are consistent, the field values and
energy density are real and speed of propagation of the perturbations is less than speed of light.
Such tachyonic scalar field has almost nothing common with superluminal tachyons.
Let us specify the field by defining wde as follows. EoS parameter of dark energy wde and
its adiabatic speed of sound c2a (de) ≡ p˙de/ρ˙de are connected by ordinary differential equation
w′de =
3
a
(1 + wde)(wde − c2a), (22)
where a prime (’) denotes the derivative with respect to a. It is necessary to note that c2a is
not actually the adiabatic sound speed in dark energy. It is only one of the phenomenological
5
parameters, which describe dark energy, but we call it “adiabatic sound speed” similarly to
the thermodynamical variable with the same definition. It is easy to see that the derivative of
EoS parameter with respect to scale factor is negative for wde < c
2
a and positive for wde > c
2
a.
In the first case in process of evolution of the Universe the dark energy acquires the ability
to accelerate the expansion, in the second one it loses such ability. In general case c2a can be
function of time and equation (22) is the differential Riccati equation. However hereafter we
assume that it is constant: c2a = const. Such assumption is the simplest one and it allows to
obtain the analytical solutions. The time derivative of pressure pde(η) is then proportional to
the time derivative of density ρde(η). The integral form of this condition is generalized linear
barotropic equation of state
pde = c
2
aρde + C, (23)
where C is constant. Cosmological scenarios of evolution of the Universe filled with fluid
with such EoS (also called “wet dark fluid”) were analyzed in [20, 21]. Solution of differential
equation (22) with c2a = const is:
wde(a) =
(1 + c2a)(1 + w0)
1 + w0 − (w0 − c2a)(a/a0)3(1+c2a)
− 1, (24)
where integration constant w0 is taken to be equal to the current value of wde, when a = a0. It
is easy to see that definition of wde and expressions (23)-(24) lead to C = ρ
(0)
de (w0 − c2a), where
ρ
(0)
de is current value of the energy density of dark energy. Thus, two quantities w0 and c
2
a define
EoS parameter wde at any redshift z = a0/a − 1. From (24) it follows that c2a corresponds to
EoS parameter at the beginning of the expansion of the Universe (winit ≡ wde(0) = c2a, a =
0, z =∞). Differential equation (5) with wde in form of (24) also has the analytical solution
ρde = ρ
(0)
de
(1 + w0)(a/a0)
−3(1+c2a) + c2a − w0
1 + c2a
, (25)
which yields the analytical expression for f(a) ≡ ρde/ρ(0)de .
The dependence of potential U on field variable φ and scale factor a/a0 is shown for tachyon
scalar field with decreasing, constant and increasing EoS parameter (24) in fig. 1. Such field
ensures the accelerated expansion of the Universe with deceleration parameter in current epoch
q0 ≈ −0.5 (see [22, 23] for details), which follows from the data on luminosity-distance relation
for supernovae type Ia.
One can note that accelerated expansion of the Universe is caused by slow rolling of the
tachyon field potential to the minimum. The dynamics of expansion of the Universe at all
stages is determined only by Ωde and wde and does not depend on the Lagrangian of scalar
field, as it follows from (11) and (17). We have shown this for scalar field with classical and
tachyon Lagrangians [23, 24]) and have concluded that other tests, sensitive to physical features
of different fields, should be found.
In research by different authors in last few years there are more and more arguments that
dark energy has phantom nature (see [25] and citation in it), so let us analyze the possibility
of modeling of such dark energy by tachyonic scalar field.
From the expressions (16) it follows that scalar field with the Lagrangian (6) can be phantom
(wde < −1) when field variable φ is imaginary and kinetic term is negative. But let us change
the sign of kinetic term in Dirac-Born-Infeld Lagrangian, similarly to obtaining the phantom
field from classical one in [26]:
L = −U˜(ξ)
√
1 + 2X˜, (26)
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Figure 2: Potentials U˜(ξ − ξ0) (left) and dependence of potentials and kinetic terms on a/a0
(right) for phantom tachyonic field with decreasing, constant and increasing EoS parameter
(from top to bottom). The units are the same as in fig. 1.
where U˜ and X˜ are potential and kinetic term of phantom tachyonic field. The density, pressure
and EoS parameter in this case are as follows:
ρde =
U˜(ξ)√
1 + 2X˜
, pde = −U˜(ξ)
√
1 + 2X˜, wde = −2X˜ − 1. (27)
Hence, with any positive X˜ and U˜ the energy density is real positive number, the pressure and
EoS parameter are negative numbers, besides that, wde ≤ −1 when X˜ ≥ 0 in any case. For
the explanation of accelerated expansion of the Universe in current epoch the values X˜ and U˜
must satisfy next conditions:
a) X˜(0), U˜ (0) > 0, b) U˜ (0)
1 + 3X˜(0)√
1 + 2X˜(0)
> ρ(0)m /2. (28)
In the case of phantom field (26) its field variable, potential and kinetic term are determined
by energy density and EoS parameter as follows:
ξ(a)− ξ0 = ±
∫ a
1
da′
√−(1 + wde(a′))
a′H(a′)
,
U˜(a) = ρde(a)
√
−wde(a),
X˜(a) = −1 + wde(a)
2
.
(29)
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The potential U˜(ξ − ξ0), the evolution of potential and kinetic term in the models with
decreasing, constant and increasing EoS parameter are shown in fig. 2. As in the case of the
classical field with inverse sign of the kinetic term in Lagrangian, potential of phantom field
(26) during the process of expansion of the Universe rolls up, this causes the acceleration a¨ > 0
in the current epoch. Another fascinating feature of this phantom field consists in the fact that
its effective sound speed, which is equal to −wde according to (21), and is larger than speed
of light (c2s > 1). But since the field interacts only gravitationally with all other components,
we suppose that this fact does not lead to violation of the causality principle. Thus, such
field is interesting yet from the point of view of the possibility of superluminal propagation
of perturbations, which, however, needs separate detailed analysis. Similar analysis was made
for k-essential fields in [27], in which the absence of violation of the causality principle for
minimally coupled dark energy, in which the effective speed of propagation of perturbations is
larger than speed of light, is noted.
2 Gravitational instability of tachyonic scalar field and
possibility of distinguishing
Thus, tachyonic scalar field is indistinguishable from classical one through its influence on
dynamics of the expansion of the homogeneous isotropic Universe, though the dynamics of
changes of the field values is different, this one can see comparing fig. 1 here with fig. 3 in [23]
and fig. 2 here and fig. 2 in [25]. That is why we consider evolution of the scalar perturbations in
many-component Universe. The evolution of magnitudes of perturbations depends on effective
sound speed of each component and gravitational influence of the perturbations of the dark
energy on the dark matter perturbations. Since the effective sound speed of classical field is
constant and equals to the speed of light while for tachyonic field it equals to −wde(a), we
can expect special features in the formation of the large scale structure of the Universe and
possibility of distinguishing of the tachyonic and classical scalar fields.
Let us consider the scalar perturbations in synchronous gauge with flat 3-space world metric:
ds2 = gijdx
idxj = a2(η)
[
dη2 − (δαβ + hαβ)dxαdxβ
]
. (30)
As a rule the scale factor in cosmological models with flat 3-space is normalized to 1, a0 =
1. Scalar perturbations of metric hαβ can be decomposed into trace h ≡ hαα and traceless
h˜αβ components as hαβ = hδαβ/3 + h˜αβ. For small perturbations (h ≪ 1) all equations can
be linearized with respect to the perturbed variables. In the multi-component model of the
Universe each component is moving with small peculiar four-velocity δuα ≡ dxα/ds≪ 1, which
is determined by properties of the given component (density, pressure, entropy, sound speed and
so on) and h. In the case of scalar mode of perturbations the spatial part of the four-velocity
δuα can be expressed as gradient of a scalar function V (η,x): δui = gijV,j for each component.
As the cold dark matter (CDM) is assumed to be perfect fluid with zero pressure interacting
with other components only gravitationally, synchronous gauge is usually defined as comoving
to particles of CDM. In the linear perturbation theory it is convenient to perform the Fourier
transformation of all spatially- dependent variables and use the equations for corresponding
Fourier amplitudes.
The differential energy-momentum conservation law δT
i (de)
j ;i = 0 for the perturbations in
space with metric (30) leads us to the following equations for the evolution of perturbations of
8
Figure 3: Evolution of the cosmological perturbations of density of dark energy (solid line), dark
matter (dashed line) and baryonic component (doted line) in models with classical (L = ±X−U ,
upper panels) and tachyonic (L = −U(φ)√1∓ 2X , lower panels) quintessential (left, upper sign
in the Lagrangians) and phantom (right, lower sign in the Lagrangians) scalar fields as a dark
energy.
density and velocity of dark energy in synchronous gauge:
δ˙de + 3(c
2
s − wde)aHδde + (1 + wde)
h˙
2
+ (1 + wde)
[
k + 9a2H2
c2s − c2a
k
]
V (de) = 0, (31)
V˙de + aH(1− 3c2s)Vde −
c2sk
1 + wde
δde = 0. (32)
Equations for metric perturbations as well as perturbations of densities and velocities of rel-
ativistic and non-relativistic components (photons, massless neutrinos, baryons and cold dark
matter) are presented in [28]. For the analysis of the evolution of cosmological perturbations
it is important to set properly the initial conditions. It is known that large scale structure
of the Universe was formed from small adiabatic perturbations generated in early Universe.
Therefore, for all components of the Universe, except for dark energy, the adiabatic initial con-
ditions are taken from [28]. Initial conditions for the perturbations of dark energy are obtained
from asymptotic solutions (31)-(32) for kη ≪ 1 (perturbations with scale larger than particle
horizon) in early radiation-dominated epoch:
δ initde = −
(4− 3c2s)(1 + wde)
8 + 6c2s − 12wde + 9c2s(wde − c2a)
hinit, (33)
V initde = −
c2skηinit
8 + 6c2s − 12wde + 9c2s(wde − c2a)
hinit. (34)
More detailed analysis of gravitational stability of the tachyonic field can be found in [29,
22, 19]. For solving the system of differential equations describing the evolution of the scalar
cosmological perturbations with adiabatic initial conditions we use the CAMB code, modified
for our dark energy model.
In fig. 3 the evolution of amplitudes of dark energy, dark matter and baryons density per-
turbations with the scale of k = 0.05 h/Mpc is shown for the model with the most optimal
cosmological parameters q1 for quintessential and p1 for phantom fields, determined in [25],
with classical and tachyonic Lagrangians. We can see that in the case of quintessential field the
9
Figure 4: Left: power spectra of the matter density perturbations in the models with quintessen-
tial classical and tachyon (QC, QT) and phantom classical and tachyon (PC, PT) scalar fields
with the most optimal values of cosmological parameters q1 and p1 determined in [25]; circles
denote the power spectrum of galaxies spatial inhomogeneities from SDSS LRG DR7 [30] obser-
vational data. Right: relative differences of power spectra in models with the same parameters
but different Lagrangians (classical and tachyonic) |∆P (k)|/P (k); circles denote the observed
uncertainties (1σ) of the data SDSS LRG DR7 [30].
difference in evolution of amplitudes of the perturbations of the classical and tachyonic fields is
noticeable and we can hope to differ them by observational data. In the case of phantom field
we do not see any differences. It can be explained by the fact that in the case of quintessential
tachyonic field the square of effective speed of sound c2s changes from 0.022 at early epoch to
0.996 at current one, while for the classical field it is constant and equal to 1. In the case of
phantom tachyonic field c2s = 1 at the beginning and it grows monotonically to 1.043 in current
epoch, which practically does not change the evolution of δde(a) in comparison with phantom
classical field.
In fig. 4 the power spectra of the matter density perturbations for the same models as in
fig. 3 and their differences in the models with quintessential and phantom tachyonic scalar fields
are presented. To compare them with observations the data of SDSS LRG DR7 [30] are shown
too. We can see that even in quintessence region this difference does not exceed 2% and is
much less than the observed uncertainties in SDSS LRG DR7 data (∼ 6 − 12%). In phantom
region this difference does not exceed ∼ 0.001 of percent (dashed line merges with horizontal
axis) and is unreachable for determination by these observational data even in far perspective.
3 Conclusions
Scalar fields with the effective Dirac-Born-Infeld Lagrangian describe the tachyonic modes of
oscillations of cosmic strings and branes in superstring theories of the fundamental particles, the
exponential expansion (inflationary phase) of the very early Universe, moreover, they success-
fully describe its current accelerated expansion. Tachyon field is indistinguishable from classical
scalar field by its cosmological manifestations in model with the same parameters at the level of
accuracy of current observational data. In the phantom region of the values of EoS parameter
these fields are practically indistinguishable by cosmological data. Their special feature in the
case of phantom field is superluminal speed of propagation of perturbations (effective sound
speed) with real values of all other physical characteristics of the field. Is it in contradiction
with principle of causality, if the tachyon field interacts with other fields and particles only
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gravitationally? Can this special feature of the field be the ground for removing tachyon field
from the list of candidates for dark energy? The author has no confidently reasoned answers to
these questions, but no matter what they are, or what will be the future outcome of establishing
the nature of dark energy, the conclusion about fruitfulness of ideas of tachyon and benefit of
the discussions of them remains indisputable.
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